Loyola University Chicago

Loyola eCommons
Master's Theses

Theses and Dissertations

2021

A Role for Notch Signaling in Drosophila Spermatogenesis
Adrianna Soriano

Follow this and additional works at: https://ecommons.luc.edu/luc_theses
Part of the Biology Commons

Recommended Citation
Soriano, Adrianna, "A Role for Notch Signaling in Drosophila Spermatogenesis" (2021). Master's Theses.
4427.
https://ecommons.luc.edu/luc_theses/4427

This Thesis is brought to you for free and open access by the Theses and Dissertations at Loyola eCommons. It
has been accepted for inclusion in Master's Theses by an authorized administrator of Loyola eCommons. For more
information, please contact ecommons@luc.edu.
This work is licensed under a Creative Commons Attribution-Noncommercial-No Derivative Works 3.0 License.
Copyright © 2021 Adrianna Soriano

LOYOLA UNIVERSITY CHICAGO

A ROLE FOR NOTCH SIGNALING IN DROSOPHILA SPERMATOGENESIS

A THESIS SUBMITTED TO
THE FACULTY OF THE GRADUATE SCHOOL
IN CANDIDACY FOR THE DEGREE OF
MASTER OF SCIENCE

PROGRAM IN BIOLOGY

BY
ADRIANNA SORIANO
CHICAGO, IL
DECEMBER 2021

Copyright by Adrianna Soriano, 2021
All rights reserved.

ACKNOWLEDGMENTS
I would like to thank all the people who made this thesis possible, starting with my thesis
advisor Dr. Jennifer Jemc Mierisch. She took a chance with me from just a phone call and
allowed me to join her lab. Her confidence in me and my graduate application is what allowed
me to be accepted into the Masters in Biology program in the first place. Dr. M provided me with
so much mentorship in my project and my thesis writing, and I learned many skills from her that
have shaped me into the kind of scientist I want to be. My Masters program was an especially
difficult experience given the global pandemic that took place for most of my time at Loyola, but
Dr. M helped me stay both safe and productive. She also always made me feel appreciated and
has been extremely supportive in my future career goals. Secondly, I would like to thank Dr.
Thomas Sanger, for being a great committee member and professor to me. I appreciate him
making the effort to learn all about Drosophila and all the technical jargon that came with that. I
would also like to thank Dr. Daniel Cavanaugh, for agreeing to be a committee member to a
random person he’d never met before. His vast knowledge of Drosophila and the questions he
asked that challenged me to think critically definitely helped shape my thesis. I would also like
to thank Loyola University Chicago for providing the funds with which to complete my thesis
research. In addition, my position as a Graduate Research Assistant allowed me to fully focus on
my thesis work, and not need to work an outside job. I am also very thankful to the Loyola
faculty and staff that kept me in check and meeting important deadlines for the Graduate school.

iii

A special shout out to Dr. Terry Grande and Audrey Berry for all your help! I am also very
thankful to Joe Schluep for all his help and expertise in microscopy.
I would also like to thank all the members of the Mierisch Lab that I had the opportunity
to work alongside. Thank you for allowing me to become a mentor to you guys and for all the
fun memories! I also appreciate everyone for prioritizing my project when lab time was limited
at the beginning of the pandemic. At the same time, I appreciated having people to socialize with
in the middle of a pandemic – thanks for keeping me sane daily! Although most of my thesis data
collection was performed by me, some lab members assisted with fly collection and
housekeeping that helped me out so much. These include Claire Chaikin and Topher Petit. I
would also like to thank Shannon McDonell and Pauline Sulit for their work in characterizing the
role of Rib in gametogenesis, as this helped shape my second thesis aim.
Other people that were responsible for keeping me sane include the friends I made in this
program, so a special thanks to Lily Mather, Annemiek Doedens, Matt Scott and Erica Becker!
Thanks for being there when I had questions about deadlines, statistics or in Lily’s case,
Drosophila. I was new to Chicago when I joined the program, so I especially appreciate Lily and
Annemiek for exploring this big new city with me and being my first friends. I am also thankful
to the amazing people I met outside of Loyola, including my roommates, as I got to make the
best memories in Chicago with them. A special shoutout to my roommate Tim Mitchell for
starting my running journey with me, allowing me to blow off steam in the Lakefront Trail after
a long day in lab! I must also acknowledge my friends from back home in Houston who were
always there for me when I needed to vent or needed a good laugh. A special thank you to
Marina Palacios, Samantha Nguyen, and Arshaina Rehman! It felt nice going home to a group of
friends who showed me so much love and support and are practically family.
iv

Finally, I would like to thank my amazing family for making this experience possible and
being so incredibly supportive. We are a very close family, so I know it was not easy on them
when I moved across the country for two years. My parents, Antonio Soriano Sr. and Maria
Isabel Meza, did not always understand what I was actually doing in this program, but they never
failed to show me how proud they were of me. They have sacrificed so, so much for my siblings
and I, and it is extremely rewarding to accomplish our goals for them. They were also always
willing to fly me back home to Houston during school breaks when I was feeling homesick! I am
also very thankful for my little brother, Antonio Soriano Jr., for being my main motivation to
pursue a higher education. Lastly, I would like to give a shoutout to my absolute best friend in
the whole world and twin sister, Diana Soriano. I am thankful for her always celebrating my
accomplishments and for listening to me go on and on about my research and the random drama
I brought upon myself. Her random acts of kindness (such as sending me money for coffee on
stressful days) never went unnoticed. My family has always accepted me for who I am and what
I want to do and have been my biggest fans in this process. I am very blessed to have such a
loving family, and I can only hope I have made them incredibly proud!

v

TABLE OF CONTENTS
ACKNOWLEDGMENTS

iii

LIST OF TABLES

vii

LIST OF FIGURES

viii

ABSTRACT

x

INTRODUCTION

1

METHODS

20

RESULTS
Aim 1: Characterizing a role for Notch signaling in Drosophila spermatogenesis
Aim 2: Characterization of the Relationship between Notch signaling and Ribbon

24
24
38

DISCUSSION

43

BIBLIOGRAPHY

53

VITA

60

vi

LIST OF TABLES
Table 1. Control male fertility crosses

28

Table 2. Fertility crosses for male flies expressing an activated Notch receptor

28

vii

LIST OF FIGURES
Figure 1. Adult Drosophila Ovary and Oogenesis

5

Figure 2. Adult Drosophila Testis and Spermatogenesis

7

Figure 3. The JAK/STAT pathway in the male gonad

10

Figure 4. The Notch signaling pathway in the testis

11

Figure 5. Schematic of Ribbon, a BTB transcription factor

15

Figure 6. Potential models of Notch/Rib interaction in the testis

18

Figure 7. The use of the Gal4/UAS system to drive overexpression of Notch signaling
in the somatic cells of the testis

25

Figure 8. Activated Notch signaling results in overall abnormal testis morphology

26

Figure 9. Spermatogenesis stages visualized using PHASE demonstrates late
spermatogenesis defects in testes expressing activated Notch signaling

30

Figure 10. Phalloidin staining indicates defects in sperm individualization in testes
expressing activated Notch signaling

31

Figure 11. Testes expressing activated Notch signaling present with ectopic hub-like
structures

33

Figure 12. Ectopic hub-like structures in testes expressing activated Notch signaling
are not true functional hub cells

35

Figure 13. Testes expressing activated Notch receptor have prolonged expression of the
transcription factor traffic jam

37

Figure 14. Testes expressing activated Notch receptor show prolonged co-localization
of traffic jam and eyes absent

38

Figure 15. Testes expressing activated Notch receptor increased Ribbon expression
in both germ cells and somatic cells

40

viii

Figure 16. Notch signaling is unaffected in testes overexpressing Ribbon

41

Figure 17. Reducing function of both Notch and Rib results in spermatogenic defects

43

ix

ABSTRACT
The Notch signaling pathway has diverse functions in male and female gonad
development. In Drosophila male embryos, Notch specifies hub cell fate in somatic gonadal
precursor cells (SGPs), which are important for maintaining germline stem cells and somatic cyst
stem cells throughout the lifetime of adult flies. However, a role for Notch signaling in adult
males has only started to emerge recently. Nonetheless, we still don’t understand how the Notch
pathway functions to regulate spermatogenesis. Notch has been established to be important for
the fertility of multiple systems, including mammals, and must be properly regulated for proper
spermatogenesis, but the exact mechanism it employs remains unknown. It is important that we
characterize how Notch functions in spermatogenesis for potential future work in fertility
treatment. To tease apart the role of Notch signaling in spermatogenesis, we genetically
manipulated the pathway to be constitutively active in the Drosophila testis alone. We
hypothesized that this would result in defects in gonad development as well as altered
spermatogenesis. We found that Notch appears to be important at late stages of spermatogenesis,
specifically at the stage of sperm individualization. Notch signaling must be properly regulated
in order to have proper somatic cell maturation, which allows for proper germline-soma
communication during spermatogenesis. It is also important that we find Notch target genes and
molecules that it interacts with in this process, in order to characterize its role in spermatogenesis
further. We started to explore the relationship between Notch and Rib, a BTB family protein

x

found to be important in gametogenesis. We found that Notch regulates Rib and these
molecules could cooperate in a parallel manner to regulate spermatogenesis.

xi

INTRODUCTION
The sexual reproductive capacity of individuals is important for species propagation of
humans, mammals, and less complex organisms, including fruit flies, Drosophila melanogaster.
Gonad development and morphology must be tightly regulated to ensure fertility in these species.
Abnormal development of the gonad can interfere with proper gametogenesis, leading to
infertility. Therefore, it is necessary to understand the morphogenetic processes and genetic
networks that regulate the formation and function of the gonad. Fortunately, many similarities
exist in gonad morphogenesis across species as well as in the conservation of signaling pathways
important for this process, allowing us to understand gonad development better across animal
species.
The use of Drosophila melanogaster as research model organisms has grown
exponentially in the last decade due to the physiological and molecular parallels between flies
and humans (Mirzoyan et al. 2019). Drosophila and humans share 75% of evolutionary
conserved disease genes that tend to have similar molecular functions (Pandey and Nichols,
2011). Though there are some processes that cannot be recapitulated in Drosophila due to
anatomical differences between flies and humans, many genetic lessons can still be learned from
the flies. Others have characterized conserved roles for not only transcription factors, but entire
signaling pathways in organ development and morphogenesis (Shilo 2016). Furthermore, several
signaling pathways have also been identified in flies to function in the cancer of a variety of
organs including the heart, liver, kidneys, and central nervous system (Ahmad, 2017; Ugur,
Chen, and Bellen, 2016). Some signaling pathways involved in cancer development and
progression found to function analogously in flies include the Notch signaling pathway, JAK1
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STAT pathway, and Wnt pathway (Mirzoyan et al. 2019). In addition to gene conservation, flies
serve as good models for understanding human disease due to their ability to survive with a
disrupted organ, allowing us to study organ function in vivo. Some of the organs that flies can
survive without past embryonic development include the heart and gonads (Ahmad 2017).
Despite the limitations of using invertebrate models, Drosophila are a good model to study the
molecular processes that govern organ function of more complex organisms, but even more
specifically for the purpose of this work, gonad morphogenesis and gametogenesis.
Female and male gonads in multiple species consist of germ cells and somatic gonadal
cells that help support the differentiation of germ cells into gametes (Boyle and DiNardo, 1995).
Other conserved processes involved in gonad development include the need for cell migration
for both primordial germ cells (Santos and Lehmann 2004) and somatic gonadal cells (Jemc,
2011), as these cells arise at distant sites and must migrate to form the gonad. Cell
communication is vital to properly form the gonad and ongoing gametogenesis in the adult, and
many of these signaling pathways are conserved across species. Both the Bone Morphogenic
Protein (BMP) and Wingless (Wnt) signaling pathways have been implicated in stem cell
maintenance and lineage cell fate in the Drosophila and mammalian gonad (L. Li and Xie 2005).
Additionally, Hedgehog signaling has also been found to regulate self-renewal of somatic
gonadal cells of both Drosophila and the mammalian testis (Zhang, Pan, and Zhao 2013).
Another conserved pathway known to regulate early gonad morphogenesis is the Slit/Robo
pathway. In Drosophila, this pathway is known to be important in gonad fusion and compaction
(Weyers et al. 2011) and in early follicle formation in mammalian systems (Dickinson et al.
2010; J. Li et al. 2015). It is also known that appropriate levels of Jun-N-terminal kinase (JNK)
signaling pathway are necessary for early gonad formation, with a role in ensheathment in
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Drosophila (Weyers et al. 2011) and follicle growth in rats (Oktem, Buyuk, and Oktay 2011).
The conservation signaling pathways between flies and mammals suggests that we can use flies
to uncover novel mechanisms that will be relevant to mammals.
Drosophila melanogaster serves as a good model species for studying gonad
morphogenesis. Due to the high conservation of disease genes between Drosophila and humans,
as well as the genetic tools available to use in fruit flies, it is relatively easy to learn a lot about
the cellular processes involved in gonad development of Drosophila (Hales et al. 2015). A lot is
known about the cells that constitute the female and male Drosophila gonad and the cell
movements that occur during embryonic development, as they can be easily examined in
embryonic stages (Richardson and Lehmann 2010). Recently, it has even become possible to live
image hub cell assembly in embryos at early and late embryonic stages (Deng, Althauser, and
Ruohola-Baker 2001), demonstrating the advances in studying gonad morphogenesis in the fruit
fly. Studies are also delving into development beyond embryogenesis and into larval and pupal
stages (Anllo et al. 2019; Lengil, Gancz, and Gilboa 2015), reinforcing the idea that there are
many lessons to be learned about gonad development from Drosophila. Additionally, there is a
lot we can learn about gametogenesis from the Drosophila adult testis, as the different stages of
spermatogenesis can be visualized in a developmental order from the apical end of the testis to
basal end (Vedelek et al. 2018; Fairchild, Islam, and Tanentzapf 2017). Efforts from the
Drosophila community have made it relatively easy to study spermatogenesis, as we now have
established reagents, antibodies, and driver lines that allow for the characterization of different
stages of spermatogenesis (Demarco et al. 2014). Although some gonadal processes evolve
rapidly and differ between species, sperm formation remains more conserved between flies and
mammals, rendering the lessons we learn from Drosophila invaluable.
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Embryogenic Gonad Morphogenesis
Two different cell types constitute the Drosophila embryonic gonad: primordial germ
cells (PGCs) and somatic gonadal precursor cells (SGPs). The germ cells arise from the posterior
pole of the embryo during stages 4-5 of embryogenesis and later migrate to coalesce with
somatic cells to form the gonad. The somatic cells are derived from parasegments 10-12 from the
dorsolateral mesoderm of the embryo during stage 11, forming three clusters on each side of the
embryo. A fourth cluster, known as the male-specific SGPs (msSGPs) are derived from
parasegment 13. These msSGPs are present in both ovaries and testes during early
embryogenesis but will undergo apoptosis in females once the gonads become sexually
dimorphic. Somatic cells have different identities depending on which specific parasegment they
arise from. The most anterior somatic cells in the male gonad give rise to the hub cells, whereas
posterior somatic cells become cyst cells. Invagination of the posterior midgut towards the
mesoderm will bring PGCs into the interior of the embryo. PGCs migrate through the midgut
epithelium and bilaterally into the mesoderm to coalesce with the SGPs on each side of the
embryo. At stage 13 of embryogenesis, the gonads begins to coalesce as the germ cells and
somatic cells begin to interact with one another in a process known as SGP cluster fusion. The
PGCs will become ensheathed, during which SGPs protrude cellular extensions that surround the
PGCs, allowing for the intermingling of the two cell types. As the gonads begins to coalesce,
they are initially spread out through multiple parasegments, and it is through compaction of the
SGPs and PGCs that they will condense into round, bilateral gonads located in parasegment 10
by stage 15 (Jemc 2011). At this point, both germ cells and somatic cells have a sex-specific
identity (Wawersik et al. 2005). Ovaries and testes both require a germline stem cell niche to
ensure proper stem cell number and function that will allow for their further development. The

5
niche is present at stage 17 of embryogenesis in males, whereas in females the niche is not
established until mid-third larval instar (L3). Male germ cells begin to divide during late
embryogenesis, however germ cells in females will not start to divide until larval stages.

Figure 1: Adult Drosophila Ovary and Oogenesis. (Gleason, Anand, and Chen, 2018) The two
ovaries each consist of 16-20 ovarioles, which are tubule structures, in which the eggs are
produced. A close-up of the germanium is shown on the right. The germarium is located at the
anterior tip of the ovariole and is made up of terminal filament cells, which are post mitotic cells
that constitute the female stem cell niche, along with the cap cells. The germline stem cells
(GSCs) will undergo 4 rounds of mitotic cell divisions, with incomplete cytokinesis, giving rise
to a 16-cell interconnected cyst. Escort cells will surround the germ cells during early
development. Follicle stem cells will also undergo 4 rounds of mitotic cell divisions, with
incomplete cytokinesis, and will surround the 16-cell germline cyst, which will become the egg
chamber. The egg chamber will bud off from the germanium and continues to mature, as it
proceeds through several stages of oogenesis. Only one of the germ cells will develop into an
oocyte, and undergo meiosis, while the other 15 cells will become polyploid nurse cells that will
help support oocyte development. The nurse cells will eventually undergo apoptosis and the
mature egg will be produced.
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Drosophila females have two ovaries (Figure 1) that consist of about 15 to 20 ovarioles.
Each ovariole has a germarium, which includes the germline and follicle stem cells, as well as
several maturing egg chambers. A niche made up of terminal filaments and cap cells is found in
the anterior most region of the germarium at mid-L3. The niche is important for the maintenance
of the germline stem cells (GSCs) and follicle stem cells (FSCs). Two GSCs are located at the
anterior end of the germarium. Asymmetric division of the GSCs occurs; one of the cells remains
in the niche in order to self-renew the GSC population whereas the other cell exits the niche and
begins differentiation into a cystoblast. The germ cell undergoes four rounds of division without
cytokinesis, leading to the creation of a 16-cell germline cyst interconnected by ring canals
(Bastock and St Johnston 2008). Only one of these 16 cells becomes the egg and undergoes
meiosis, while the other 15 cells function as nurse cells that provide RNA, proteins and
organelles for the oocyte. Cytoblasts and germline cysts will move down the germarium, where
escort cells will wrap around them in regions 1-2a (A. Spradling et al. 2011). Two FSCs are
located further down the germarium, at the junction between regions 2A and 2B, where they
replace escort cells and form a monolayer around the germline cysts (Jemc 2011; Xu and Gridley
2012). The FSCs also undergo asymmetric division, with one of the cells remaining in the niche
while the other daughter cell leaves the niche and differentiates into precursor follicle cells.
Precursor follicle cells differentiate into stalk cells, polar cells, and the follicle cells that form an
epithelial layer around the germline cyst (Jemc 2011). The cyst, surrounded by the layer of
follicle cells, becomes an egg chamber that buds off the germanium, which is the first step in a
14-stage process known as oogenesis (A. C. Spradling et al. 1997). The germ cells and follicle
cells will undergo multiple cell cycle programs at different egg chamber stages. These include a
switch from a mitotic cycle to endocycle, which is a cell cycle process in which cells increase
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their genomic content without undergoing cell division (Deng, Althauser, and Ruohola-Baker
2001). In the case of nurse cells, this switch is important in order to increase DNA content in
order to be able to produce more RNA available for the growing oocyte. At stage 6 of egg
chamber development, follicle cells must also transition to endocycles in order to grow in size
and provide the egg chamber with the necessary nutrients. There must also be a transition from
endocycles to gene amplification, which allow for an increase in genomic content of particular
loci in main body follicle cells that allow for production of proteins, including the chorion genes,
necessary for the production of a mature egg. Oogenesis ends with the nurse cells depositing
their nutrients into the oocyte and undergoing apoptosis, resulting in the production of a mature
egg.

Figure 2: Adult Drosophila Testis and Spermatogenesis. (Gleason, Anand, and Chen, 2018) The
testes are made up of two tubule structures which consist of three main cell types. A close-up at
the apical tip on the right shows the hub cells adhered to the tip of the testis. These hub cells
make up the male stem cell niche. Germline stem cells and cyst stem cells are in close
association to the hub cells. Germline stem cells will undergo 4 rounds of mitotic cell divisions,
with incomplete cytokinesis, producing a 16-cell interconnected cyst (spermatogonia). Cyst stem
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cells will divide into two cyst cells that surround the germline cyst. The spermatogonia will
differentiate into spermatocytes and undergo two rounds of meiosis to produce haploid sperm
cells. These sperm cells will undergo spermiogenesis and give rise to mature sperm, after
dramatic morphological changes.
Drosophila males have a pair of testes (Figure 2) that consist of a tubule and one stem
cell niche located at the apical end (Greenspan, de Cuevas, and Matunis 2015). The niche is
made up of a subset of somatic gonadal precursor cells known as hub cells, which help maintain
the population of stem cells in the gonad. Ten to twelve post-mitotic hub cells constitute the
testis niche and are derived from parasegments 10 and 11 (Anllo et al. 2019). These somatic cells
are specified to become hub cells by specific signals and will be adhered to the anterior end of
the gonad through interactions between Integrins and the extracellular matrix in the periphery of
the gonad (Anllo et al. 2019). Hub cells secrete the cytokine Unpaired (Upd) in order to activate
Janus Kinase/Signal Transducer and Activator of Transcription (JAK/STAT) signaling in the
germline stem cells (GSCs) and somatic cyst stem cells (CySCs), which are both adhered to the
hub. Activation of the JAK/STAT pathway (Figure 3) is necessary for germline cells to undergo
cell division (Issigonis et al. 2009). The testes are formed by the end of embryogenesis and
gametogenesis can begin at early larval stages (Papagiannouli, 2014). GSCs divide
asymmetrically, similar to females, with one cell that remains in the hub and the other cell is
displaced. The daughter GSC that leaves the hub is called a gonialblast and undergoes four
divisions without cytokinesis and results in a cluster of 16-cell interconnected spermatogonia.
These spermatogonial cells remained connected by fusomes, which are cytoskeletal structures,
that go through the cytoplasm (Sheng et al. 2009). The CySCs also undergo asymmetric division,
producing daughter cells known as somatic cyst cells. Two of these cyst cells encapsulate the
spermatogonial cysts, and undergo asymmetric division, forming a permeability barrier that

9
protects the germline cells and promotes their differentiation (Michael J. Fairchild, Smendziuk,
and Tanentzapf 2015). These spermatogonial cysts begin to mature into spermatocytes at the
third instar larval stage and undergo meiosis at late third instar larval stage to produce 64 haploid
spermatids that will undergo spermiogenesis to become mature sperm. Cyst cells continue to be
in close proximity to the sperm cells during spermatogenesis, showing that interactions between
somatic cells and germ cells continue to be important at later stages beyond gonad development
(Zoller and Schulz, 2012). As spermatids elongate and mature, cyst cells undergo morphological
changes to accommodate and support sperm (Zoller and Schulz, 2012). Spermatids will undergo
nuclear changes that will give them a needle-like shape, and chromatin will begin to condense
(Fabian and Brill, 2012). Though sperm flagellar growth begins in the pupal stages, sperm
individualization from the syncytium begins at the adult stage (Fabian and Brill, 2012). An
individualization complex, composed of actin cones, is required for sperm to become
individualized (Fabian and Brill, 2012). Once sperm is coiled and fully mature, it will be
transported into the seminal vesicle to be stored until it is needed for fertilization (Demarco et al.
2014).

10

Figure 3: The JAK/STAT pathway in the male gonad. (Adapted from deCuevas, 2011) The hub
cells secrete the cytokine Unpaired, which will activate the Janus Kinase/Signal Transducer and
Activator of Transcription (JAK/STAT) signaling pathway in the surrounding germline stem
cells and cyst stem cells. The activation of the JAK/STAT pathway is important for stem cell
maintenance.
Notch Signaling
The Notch signaling pathway has diverse functions in male and female gonad
development that are observed across animal species. In mice, there are five ligands (Delta 1, 3,
4 and Jagged 1 and 2) that function in the Notch signaling pathway, which will activate four
different Notch receptors (Notch 1-4) (Kopan and Ilagan 2009). The role of Notch signaling in
the mammalian gonad is poorly understood but has been shown to be important for fertility. In
the mammalian testis, components of the Notch pathway as well as pathway effectors are shown
to be expressed in the adult testis in germ cells as well as somatic Sertoli and Leydig cells, and
display a dynamic expression pattern that suggests Notch signaling may play a role in
spermatogenesis (Murta et al. 2013). Loss of Notch signaling results in meiotic defects and
sperm morphological defects that are associated with abnormal spermatogenesis and reduced
fertility (Murta et al. 2014). Constitutively active Notch signaling causes a decrease in germ cell

11
proliferation and an increase in germ cell death, causing a decrease in sperm count and decrease
in overall testes size (Huang, Rivas, and Agoulnik 2013), supporting the idea that Notch
signaling must be properly regulated for proper mammalian spermatogenesis. The Notch
pathway is also important in the mammalian ovary, with Notch 2 receptor expression found in
the somatic pregranulosa cells and ligand Jagged 1 and 2 expression in the germ cells (Vanorny
et al. 2014). Loss of Notch signaling in the ovary decreases primordial follicle formation and
proper follicle maturation, which interferes with successful development of oocytes (Trombly,
Woodruff, and Mayo 2009). Additionally, other loss of function experiments have demonstrated
that Notch signaling is important for the proper formation of germ cell syncytia and maturation
of the oocyte (Vanorny and Mayo 2017), thus affecting mammalian fertility. Work elucidating
the role of Notch signaling in the mammalian gonads is only recently emerging, but to
understand how Notch functions in spermatogenesis generally, Drosophila melanogaster can
serve as a good model organism.

Figure 4: The Notch signaling pathway in the testis. (Adapted from Schulz, 2019). The germ
cells will present the ligands Delta and Serrate to the somatic cyst cells. Delta and Serrate will
bind the Notch receptor, which is a transmembrane receptor with an extracellular domain and
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intracellular domain. Once activated, the receptor will undergo two cleavage events which will
result in the Notch intracellular domain (NICD) to be cleaved and free to enter the nucleus. Once
in the nucleus, the NICD will interact with other transcription factors, including Suppressor of
Hairless and Mastermind, in order to modulate the transcription of Notch target genes.
In Drosophila, the ligands Delta and Serrate function to activate the Notch receptor
(Figure 4), which consists of an extracellular domain, transmembrane region, and an intracellular
domain (Ren et al. 2018). Once the Notch receptor is activated, it undergoes a cleavage event
that causes the intracellular domain to be released and enter the nucleus where it will interact
with transcriptional co-factors including Suppressor of Hairless and Mastermind (Ren et al.
2018; Xu and Gridley 2012).
In males, Notch specifies hub cell fate in somatic gonadal precursor cells (SGPs)
(Okegbe and DiNardo 2011). In the context of hub specification, Notch signaling is activated by
the ligand Delta, primarily, but can also be activated by the ligand Serrate. The Delta ligand is
expressed by the primordial midgut cells, which are derived from the endoderm. These cells are
in close proximity to SGPs during stage 11 of embryogenesis and will activate the Notch
receptor in a subset of SGPs (Okegbe and DiNardo 2011). The Notch receptor is activated in
most of the SGPs in the embryonic gonad, while the epidermal growth factor receptor (EGFR),
which is believed to oppose Notch signaling, is activated in the posterior SGPs (Kitadate and
Kobayashi 2010). This results in hub differentiation at the anterior end of the gonad only,
whereas the remaining SGPs become cyst stem cells (Le Bras and Van Doren 2006). Notch has
also been observed to regulate transcription of the Bowl transcription factor in other tissues –
where bowl appears to be a downstream target of Notch signaling (de Celis Ibeas and Bray 2003)
– and recently, in the embryonic testes as well (Dinardo et al. 2011). In the testes, Bowl is a
positive regulator of hub cell specification (Dinardo et al. 2011). A decrease in bowl expression
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leads to a reduction in hub cells in the testis. Both Notch and Bowl are required for hub cell
specification, though Notch loss of function phenotypes are more severe than bowl mutants,
suggesting Notch regulates additional downstream targets to promote hub specification.
In adult males, Notch signaling also appears to be necessary for the survival of the GSC
lineage. Notch is expressed and first activated in cyst cells found in the apical region of testis
known as the transition zone (Ng, Qian, and Schulz 2019), which is an area in which
spermatogonia develop into spermatocytes. When Notch expression is reduced in somatic cells
there is a reduction in the number of germline cells that are transitioning to differentiation as well
as an increase in cell death of the GSCs in the apical region of the testes. Thus, Notch is clearly
important for germline cell differentiation and lineage survival.
In females, Notch signaling plays a role in niche formation. Notch is expressed in the cap
cells that constitute the niche, which supports stem cell populations (Song et al. 2007).
Overexpression of Notch in the embryonic gonad results in more cap cells and bigger niches
which stimulate more GSCs to be produced. Decreasing Notch expression causes a decrease the
amount of cap cells and therefore in a smaller niche size and fewer GSCs (Xu and Gridley 2012).
This proves that Notch signaling controls niche formation and maintenance in the ovary. Notch
is also a key player during oogenesis. Notch signaling regulates the transition from mitotic cycles
to endocycles in follicle cells, which is important for egg production at later stages (Deng,
Althauser, and Ruohola-Baker 2001). During oogenesis, follicle cells surround the germline cyst
(which contains 15 nurse cells and an oocyte), forming an epithelial layer that produces an egg
chamber. At stages 1-6 of oogenesis, follicle cells proliferate via mitosis but then switch to
endocycles at the end of stage 6 in order to achieve significant growth of the egg chamber that
will allow it to produce enough proteins and organelles that will be useful later in oogenesis.
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From stages 7-9, the follicle cells undergo three rounds of endocycles. Endocycles differ from
mitosis in that they alternate between G (Gap) and S (Synthesis) phases, continuing to increase
their genomic DNA content without dividing (Deng, Althauser, and Ruohola-Baker 2001),
leading to polyploidy. It is important for follicle cells to increase their genomic content to
provide enough yolk protein for the growing oocyte. Nurse cells will also play a role in
contributing yolk proteins. Notch signaling regulates the transition from mitotic cycles to
endocycles. When Notch function was lost in follicle cells, the cells remained in mitotic cycles
and began to overproliferate, but did not significantly increase their genomic content, compared
to wild type cells (Xu and Gridley 2012). Other studies also demonstrated the importance of
downregulating Notch signaling in the transition from endocycles to gene amplification. Main
body follicle cells (those that surround the oocyte) transition to gene amplification at the end of
stage 10A of oogenesis in order to increase genomic content of particular loci. At this stage of
late oogenesis, it is important to upregulate replication of the chorion genes, which encode
eggshell proteins, in order to produce a mature egg. Downregulation of Notch signaling was
shown to be necessary to cause the switch to gene amplification (Sun et al. 2008).
Overexpression of Notch signaling caused cells to undergo an extra round of endocycles rather
than transition to gene amplification.
Due to the complexity of the Notch signaling pathway, it is unsurprising that it interacts
with other co-factors to exert its functions (Schweisguth, 2004). Cofactors function by
modulating transcriptional activation or repression of signaling pathways (Jia et al. 2015). In the
context of the Drosophila ovary, Notch was found to cooperate with the cofactor Neijire in
follicle cells to regulate the switch between mitosis to endocycles (Jia et al. 2015). On the other
hand, Notch is shown to negatively interact with the transcription factor Tramtrak, to regulate the

15
endocycle/gene amplification switch (Sun et al. 2008), demonstrating the complexity of cofactor
interaction with Notch signaling. It is important that we explore other factors with which Notch
cooperates to regulate processes to better understand how Notch functions in the Drosophila
gonads.
Ribbon
Several signaling pathways and gene regulators are involved in gonadogenesis and it is
important that we identify them and study their interactions to better understand gonadal diseases
and infertility. A mutagenesis screen was performed to find regulators necessary for embryonic
gonad development, identifying ribbon (rib) as one of twenty-four genes on the second
chromosome required for male and female gonad formation (Weyers et al. 2011). Gonads with
rib mutations showed defects in SGP cluster fusion and gonad compaction, demonstrating an
important role of the nuclear transcription factor Rib, in gonad development (Weyers et al.
2011). Rib (Figure 5) is part of a larger subfamily of Bric-á-brac, Tramtrack, Broad complex
(BTB) domain proteins that dimerize with other BTB proteins and contain zinc finger DNAbinding motifs (Shim et al. 2001). The domains and motifs in Rib that allow it to interact with
other proteins suggest a possible role for Rib in important signaling pathways in gonad
development.

Figure 5: Schematic of Ribbon, a BTB transcription factor. Ribbon (Rib) consists of a bric-a-brac
tramtrak broad (BTB) domain, which allows it to interact with other proteins belonging to the
BTB family, through either homo- or heterodimerization. Rib also has a Pipsqueak (PSQ)
domain, which is a DNA binding zinc finger domain, allowing Rib to function as a
transcriptional regulator.
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Though Rib has been established to have a role in gonad development, the mechanisms
by which it regulates this process are not clearly understood. Rib has been shown to function in
the development of other tissues, which might help provide an idea of how Rib works at a
molecular level. In salivary gland development, rib mutants have been shown to form a tube that
fails to elongate, as well as abnormal dilation of salivary gland lumina during late embryogenesis
(Bradley and Andrew 2001). In the trachea, rib mutations result in a failure to form the dorsal
trunk and stunted ventral branches. There is also a failure of pre-dorsal trunk cells to migrate
(Bradley and Andrew 2001). From these studies, it is understood that Rib functions by regulating
changes in cell shape and cell migration during tissue morphogenesis. Gonad morphogenesis
depends on changes in SGP cell shape, suggesting that Rib could function similarly in the gonad
as it does in other tissues. Rib targets several proteins in order to regulate morphogenesis in the
salivary gland and trachea. Rib genetically interacts with Lola-like (Kerman et al. 2008), and
physically interacts with Lola (Silva et al. 2016), both members of the BTB-protein family,
supporting the idea that Rib can interact with other proteins through its BTB domain.
Additionally, others have found that Rib plays a transcriptional role in the salivary gland as both
a transcriptional activator and repressor for genes involved in cellular stress response and
morphogenesis, respectively (Loganathan et al. 2016). Several candidate genes have been
identified as Rib transcriptional targets in the context of the salivary gland including bowl
(Loganathan et al. 2016). We may not yet understand how Rib functions molecularly in gonad
development, but these studies suggest that Rib may regulate tissue development by regulating
gene transcription in cooperation with other BTB family proteins.
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Rib has been shown to be necessary for gonad development and our lab is interested in
its potential role in signaling pathways that regulate development of the testis and ovary. Earlier
Rib studies from our lab used rib mutants that were embryonic lethal, preventing us from
examining the effects of rib mutations at later stages of gonad development and gametogenesis.
Antibody staining, however, revealed that Rib continues to be expressed in the male adult gonad
and to a lesser extent in the female gonad. In the male gonad, Rib is found to be expressed in the
germ cells. Others in the lab decided to investigate the role of Rib in the embryonic and adult
gonads by overexpressing rib in the somatic gonadal cells. rib overexpression experiments have
demonstrated that at early stages, increased rib expression interferes with female niche
formation. Overexpression of rib in adult somatic cells results in a decrease in the number of
follicle cells, which in turn leads to a decrease in egg production (Mierisch Lab, unpublished
data). rib overexpression in males results in a failure to maintain germline cells and in an overall
truncated testis structure. Additionally, overexpression in adults results in defects in late-stage
spermatogenesis (Mierisch Lab, unpublished data). This suggests that Rib is not only important
for gonad development but could play a role in gamete formation. Interestingly, the closest
mammalian homolog for Rib, BTBD18, has been shown to be important for spermatogenesis.
When BTBD18 was genetically removed in mice, germ cells were arrested at the round
spermatid stage (Zhou et al. 2017).
Due to Ribbon’s role as a transcriptional regulator, it must function with other
signaling pathways to regulate gonad development, though little is known currently. However,
some of the defects observed upon rib overexpression resemble some of the phenotypes that
arise when Notch is overexpressed, leading us to ask whether Notch and Rib may cooperate in
the gonad. Additionally Rib and Notch signaling both target bowl, which may indicate crosstalk
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between the two molecules. We know that Notch interacts with many transcriptional regulators
so it is possible that Rib could be included in the list of cofactors that cooperate with Notch.
Characterization of the Role of Notch signaling in spermatogenesis
While Notch signaling has been implicated to have a role in gonadogenesis and fertility
in different systems, how it regulates spermatogenesis is not well understood. Here, we aim to
characterize the role of Notch signaling in adult Drosophila spermatogenesis. Little is known
about the mechanisms by which Notch functions in the adult testis, therefore we have employed
the use of a constitutively active Notch receptor in the somatic cells of the testis to tease apart the
role of Notch. Upregulating Notch signaling would allow us to analyze the phenotypes that result
when Notch signaling is disrupted in vivo, giving us an idea about the function of Notch in the
adult testis. Notch is an important player in the embryonic gonad, therefore we hypothesized that
interfering with proper Notch signaling throughout development would result in an abnormal
adult testis with potential defects in spermatogenesis and fertility.

Figure 6: Potential models of Notch/Rib interaction in the testis. Three different models
describing the potential relationship between Notch and Ribbon (Rib) include a Stepwise model,
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Parallel model and Cooperative model. (A) If the two molecules follow a Stepwise model, it is
likely that Notch targets Rib directly, which then allows Rib to target a gene to generate a
response. It is also possible that Rib can target Notch directly, which then allows Notch to target
a gene to create a response. (B) If they instead work in parallel, then Notch targets a Notch target
gene, while Rib targets a different Rib target gene and both events are necessary in order to
generate a response. (C) A third alternative, the Cooperative Model, could explain the potential
interaction between Notch and Rib. It is possible that Notch and Rib both target similar genes
and modulation of these genes by both molecules generates a response.
We know that Notch interacts with different molecules in various tissues and different
developmental processes (de Celis Ibeas and Bray 2003; Kitadate and Kobayashi 2010; Ren et
al. 2018; Jordan et al. 2006; Wingert and DiNardo 2015). Given the complexity of the Notch
pathway, Notch must function alongside other proteins in the gonad to carry out its function. Our
work begins to explore how Notch cooperates with other cofactors in the adult testis to regulate
proper spermatogenesis. We focus on the cooperative role that Notch may share with Rib, as
previous work done by the lab shows similar adult testis phenotypes when Rib function is
disrupted. Other work has shown that Notch interacts with other members of the BTB protein
family in different tissues (Jordan et al. 2006; Doggett et al. 2015; Zheng and Carthew 2008).
Additionally, Notch and Rib share a common transcriptional target, bowl, which suggests that
they may share related functions. The second part of this work begins to look at the potential
cooperation between Notch and Rib, with several models that could explain this interaction
(Figure 6). Since both Notch signaling and the mammalian homolog for Rib, BTBD18, have
been implicated to function in mammalian spermatogenesis, it is important that we explore this
possible relationship. Genetic manipulation in Drosophila will allow us to tease apart the
function of both molecules in the testis, leading us to uncover mechanisms that will be applicable
to gonad morphogenesis and gametogenesis in other organisms beyond the fruit fly.
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METHODS
Fly stocks and Genotypes
The listed fly stocks were used for this work: tj-Gal4 (Kyoto Stock Center), UASNotchintra (Ilaria Rebay, University of Chicago), tj-Gal4; gal80ts, w1118 Nts1, rib1, NRE-GFP
(Bloomington Drosophila Stock Center (BDSC#30728)), UAS-rib (Debbie Andrew, Johns
Hopkins University).
Driving expression of activated Notch receptor
The tj-Gal4 driver was used to express UAS-Notchintra in the somatic gonadal cells of the
testis throughout development. UAS-Notchintra flies allow for Gal4-driven expression of a
constitutively activated Notch receptor. Male UAS-Notchintra flies were crossed to female tj-Gal4
flies at 25°C and progeny were collected and raised at 25°C. Dissections were performed on 1-3
day old adult flies.
Reducing Notch and Rib function
To determine the effect of reduced Notch function in adults, we employed the use of a
temperature sensitive allele. Nts1 males were raised at the permissive temperature of 18°C, which
inhibited Nts1 expression throughout development. The males were shifted to the restrictive
temperature of 29°C on day 1, inducing expression of Nts1 at adulthood. Dissections were
performed on 5-7 day old adult flies in order to ensure that a phenotype was observed since the
alleles were expressed only at adulthood. To reduce function of both Notch and Rib, males that
were heterozygous for rib1 and hemizygous for Nts1 were raised at 18°C and then shifted to 29°C
on day 1. Dissections were also performed on 5-7 day old adult flies.
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Immunohistochemistry analysis
Testes were dissected and fixed in 4% Formaldehyde in 1X PBS with 0.1% Triton-X-100
(PBTx) for 30 minutes. Following washes in PBTx solution, samples were blocked in 0.5% BSA
in PBTx (BBTx) and 5% Normal Goat Serum for one hour at room temperature. After the
blocking incubation period, samples were washed and incubated overnight in primary antibodies
at 4°C. The following primary antibodies were used: mouse anti-Armadillo (1:30,
Developmental Studies Hybridoma Bank (DSHB)), mouse anti-Eyes absent (1:100, DSHB), rat
anti-N-cadherin (1:20, DSHB), guinea pig anti-Ribbon (1:1000, D. Andrew, Johns Hopkins
University), guinea pig anti-Traffic jam (1:1000, M. Van Doren, Johns Hopkins University), and
rabbit anti-Vasa (1:200, Santa Cruz). Primary antibodies were removed, washed in PBTx, and
secondary antibodies were added. Alexafluor secondary antibodies conjugated to 488, 555, and
633 fluorophores (Invitrogen) were used at a 1:500 dilution. Samples were incubated for 2 hours
at room temperature. 300 uL of 4’,6-diamidino-2-phenylindole (DAPI) solution was then added
to the samples in order to stain the cell nuclei in the gonad. Two additional rinses and washes
were conducted prior to transferring the samples to 1X PBS. Samples were then transferred to
slides for mounting with 1,4-diazabicyclo[2.2.2]octane (DABCO) mounting media. Testes were
imaged on a Zeiss LSM880 Microscope, equipped with 633, 555, 488, and 405 lasers, and data
collected with Zen Black software. Images were analyzed using Fiji Image J software.
Differential Interference Microscopy
Tissues fixed and prepared as described above were analyzed by differential interference
contrast microscopy, using an Olympus BH-2 microscope, with a 10X objective lens. The
program Image-Pro Premier was used to analyze the images.
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Fluorescent In Situ Hybridization
Testes were dissected and fixed in 4% Formaldehyde in 1X PBS-diethylpyrocarbonate
(DEPC)-treated with 0.1% Tween-20 for 20 minutes. Following three 5 minute washes in PBSTween-Heparin (PBTH), the samples were incubated overnight in primary antibodies at 4°C. The
following primary antibodies were used: rabbit anti-Vasa (1:200, Santa Cruz), rat anti-Ncadherin (1:20, DSHB), and mouse anti-Eyes absent (1:100, DSHB). Primary antibodies were
removed, washed in PBTH, and secondary antibodies were added. Alexafluor secondary
antibodies conjugated to 555 and 633 fluorophores (Invitrogen) were used at a 1:500 dilution.
Samples were incubated for 2 hours at room temperature. Following three 5 minute washes with
PBS, samples were prepared for FISH with fixation step in 10% Formaldehyde in 1X PBSDEPC with 0.1% Tween-20 for 20 minutes. After three 5 minute washes in PBTH, the samples
were pre-hybridized in hybridization buffer at 37°C for 30 min. Following this, 2 pmol of probe
solution was added to 500 uL of the hybridization buffer and samples were incubated for 12-16
hours at 37°C. The following probes were used: unpaired and ribbon1, which were produced by
Molecular Instruments. Both probes were linked to a 488 fluorophore (Molecular Instruments).
Samples were washed the next day four times with probe wash buffer at 37°C, followed with
three washes with 5X saline-sodium citrate(SSC) with 0.1% Tween (SSCT) at room temperature.
Samples were then pre-amplified in amplification buffer for 30 minutes at room temperature.
Hairpin solution was then prepared by snap cooling 10 ul of 3 uM hairpin stock and added to the
amplification buffer. Samples were incubated overnight in the hairpin solution, in the dark at
room temperature. The following day the samples were washed four times using 5X SSCT
solution and then mounted onto slides using DAPI-mounting medium. Testes were imaged on a
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Zeiss LSM880 Microscope, equipped with 633, 555, 488, and 405 lasers, and data collected with
Zen Black software. Images were analyzed using Fiji Image J software.
Live imaging using PHASE Microscopy
Testes were dissected in 1X PBS and separated from surrounding accessory glands (as
described in Sitaram, P., Hainline, SG., and Lee, LA., 2014). Once completely clean, they were
transferred onto slides with 50 uL of 1X PBS. Tungsten needles were used to make a slit in the
middle region of the testes in order to tear the tissue open for visualization of spermatocytes and
spermatids. Live tissues were visualized within 15 minutes of dissection, using an Olympus BH2 microscope, with a 40X objective lens. The program Image-Pro Premier was used to analyze
and capture the images.
Male fertility tests
To assess male fertility, tj-Gal4; UAS-Nintra males were crossed to control w1118 virgin
females at 25°C. Progeny that emerged from these crosses were collected at day 14 and were
quantified. Control male fertility tests were performed by mating tj-Gal4; w1118 males to control
w 1118 virgin females.
8

Statistical analysis
In order to assess frequency of ectopic hub-like structure formation, we counted the
amount of hubs we observed in tj-Gal4; UAS-Nintra and tj-Gal4; w1118 testis samples, using Fiji
Image J software. We then performed an unpaired T-test analysis on the number of hubs per
testis samples using Graphpad Prism 9.
Quantitation of antibody levels
We outlined regions of four-germ cell clusters in testes to count mean fluorescence of Rib
antibody levels using ImageJ software. In order to count Rib levels in somatic cells, we outlined

24
a single somatic cell per sample. Rib antibody levels were quantitated in ImageJ and normalized
to DAPI levels in corresponding cells. In order to count mean fluorescence of GFP levels, we
outlined two different regions of somatic cells in a single testis sample. GFP antibody levels
were quantitated in ImageJ and normalized to DAPI levels in the corresponding somatic cells. In
order to assess differences in Rib levels and Notch GFP reporter activity in genetically
manipulated testes, Mann Whitney test analyses were performed on normalized antibody levels
using Graphpad Prism 9.
RESULTS
Aim 1: Characterizing a role for Notch signaling in Drosophila spermatogenesis
Overexpression of an activated Notch receptor results in abnormal testes morphology and a
failure of sperm bundles to form properly
Previous work on the role of Notch signaling in Drosophila adult testes shed light on its
importance in germline cell lineage survival (Ng, Qian, and Schulz 2019). In an attempt to take a
closer look at the function of Notch signaling in the adult testes, an activated Notch receptor was
expressed throughout development in the somatic cells of the testes using the Gal4/UAS system
(Brand and Perrimon, 1993). The use of the tj-Gal4 driver allowed for the restriction of activated
Notch receptor expression to the somatic gonadal cells (Li et al. 2003). These flies were crossed
to male flies with a P element insertion containing an upstream activating sequence (UAS)
upstream of a gene encoding the intracellular domain of Notch (Nintra). Gal4 transcription factors
will bind to the UAS sites (Brand and Perrimon 1993) and thus allow for the expression of the
activated Notch receptor in the somatic cells throughout development (Figure 7). Control flies
for these experiments were progeny resulting from crossing tj-Gal4 drivers to male white1118
(w1118) flies.
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Figure 7: The use of the Gal4/UAS system to drive overexpression of Notch signaling in the
somatic cells of the testis. The Gal4/UAS system allows the manipulation of the expression of
genes in specific tissues. With the use of a driver line, the expression of the Gal4 transcription
factor is limited in a specific cell type. The fly line tj-Gal4 restricts expression of Gal4 in the
somatic gonadal cells of the testis. The driver line is crossed to a responder line, which has an
enhancer known as Upstream Activating Site (UAS) upstream of a target gene, in this case an
activated Notch receptor gene (Notchintra). Gal4 will only be expressed in somatic gonadal cells
and only bind the UAS sites in those cells, activating the transcription of the activated Notch
receptor just in the somatic cells of the testis. This results in overexpression of Notch signaling in
these cells.
At 1-3 days post-eclosion, male flies were collected and testes were dissected to identify
any defects associated with the overexpression of activated Notch signaling. Testes expressing
activated Notch were observed to have an abnormal morphology (Figure 8B) compared to
control testes (Figure 8A). Control testes exhibited a coiled, tubular structure typical of wild type
flies. Although testes expressing activated Notch retained a slightly coiled structure, they were
significantly shorter in length, indicative of potential defects in spermatogenesis. An examination
of testes using differential interference contrast microscopy (DIC) allows for the visualization of
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the sperm bundles (Noguchi, Koizumi, and Hayashi 2011) and therefore testes were analyzed in
an attempt to take a closer look at the defects associated with overexpression of Notch signaling.
When visualized, control testes presented with normal sperm bundle formation (Figure 8C).
Interestingly, testes with activated Notch signaling showed a failure of sperm bundles to form
properly. Defined sperm bundles were not observed at the basal end of the testes (Figure 8D), or
if present, they had a very different morphology from those in control testes, suggesting that too
much Notch signaling interferes with proper Drosophila spermatogenesis.

Figure 8: Activated Notch signaling results in overall abnormal testis morphology. Testes were
imaged using differential interference microscopy at a 10X magnification. (A-B) w1118;tj-Gal4
testes with coiled, tubular structure and clear sperm bundles (white arrow) running basally down
the testis. (C-D) tj-Gal4>Nintra testes are shorter in length with a less coiled structure at the basal
end. Some sperm bundles (white arrow) are visible but the bundles are abnormal and
significantly shorter in length.
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Overexpression of an activated Notch receptor in testes results in male infertility
The defects in testis morphology we observed in flies with elevated Notch signaling
suggest that appropriate levels of Notch signaling may be necessary for proper sperm bundle
formation. If these sperm bundles are not forming properly, it is possible that they are not
functional either. In order to investigate whether these male flies are capable of reproduction,
fertility tests were performed. Male flies expressing activated Notch signaling in somatic testis
cells were crossed to w1118 virgin females. The flies were given some time to mate and then
removed from the vials after 10 days, prior to eclosion of the progeny. The progeny that emerged
from these crosses were collected after 14 days of mating and quantified. No progeny resulted
from these crosses (Table 2), confirming that males that overexpress Notch signaling are indeed
infertile. Control fertility tests were also conducted, in which control tj-Gal4;w1118 males were
crossed with w1118 virgin females. Normal progeny counts were observed from these crosses,
yielding an average of about 109 progeny per cross. (Table 1) (Karpova et al. 2020).

Table 1: Control male fertility crosses. Fertility crosses between w1118; tj-Gal4 males and control
w1118 females yielded normal offspring count.
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Table 2: Fertility crosses for male flies expressing an activated Notch receptor. Fertility crosses
between tj-Gal4>Nintra males and control w1118 females yielded no offspring in any of the crosses.
Overexpression of activated Notch receptor in somatic cells results in defects in late
spermatogenesis
Since males expressing an activated Notch receptor are infertile, it is likely that
spermatogenesis is not proceeding normally in these flies. There are tools that allow for the
visualization of the different stages of Drosophila spermatogenesis, including Phase-contrast
microscopy (Kemphues et al. 1982), and more recently it has become possible to image live
squashed testes samples (Sitaram, Hainline, and Lee 2014). This recent protocol allows for the
disruption of germline cysts which allows for visualization of individual germ cells (Sitaram,
Hainline, and Lee 2014). Testes were dissected and prepared for live imaging using Phasecontrast microscopy and cytology was examined at different time points of spermatogenesis.
Testes expressing an activated Notch receptor appeared to proceed normally through early stages
of spermatogenesis, which was demonstrated by the presence of early spermatogonia and
spermatocytes comparable to control testes (Figure 9A, 9D). These testes also contained
spermatocytes that were able to undergo morphological changes necessary to produce round
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spermatids, and even some elongated spermatids (Figure 9B-C, E-F). However, it was observed
that testes expressing activated Notch signaling produced significantly fewer elongated
spermatids, compared to control testes (Figure 9C, 9F). These results suggest that perhaps
expanded Notch signaling interferes with later stages of spermatogenesis.
An important final stage of spermatogenesis that must occur to produce mature sperm is
the process of sperm individualization, where sperm within the germline syncytium become
embedded within their own plasma membrane (Augière et al. 2019). This process takes place
after sperm become elongated and is achieved by an individualization complex that includes 64
actin-rich investment cones (ICs) and other motor proteins (Rogat and Miller 2002). These actinrich ICs can be visualized using Phalloidin staining via immunohistochemistry experiments
(Fabrizio et al. 1998). Because some sperm cells were capable of undergoing sperm elongation
despite having expression of activated Notch signaling, we were curious to know if the next step
of spermiogenesis, sperm individualization, was occurring normally in those testes. Therefore,
testes were dissected and we performed immunohistochemistry experiments. All control samples
(n=40) showed the presence of the comet-like structures that comprise the ICs important for
individualization, but interestingly none of the activated Notch signaling testes (n=35) appeared
to form ICs (Figure 10A-B). These results suggest that having too much Notch signaling
interferes with later stages of spermatogenesis, specifically sperm individualization, and could
explain the infertility associated with those flies. Though we observe the formation of some
sperm it is likely that they are not maturing properly and, therefore, are not functional.
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Figure 9: Spermatogenesis stages visualized using PHASE demonstrates late spermatogenesis
defects in testes expressing activated Notch signaling. Testes were imaged using PHASE
contrast microscopy at a 40X magnification. (A-C) Spermatogenesis stages of control w1118;tjGal4 testes. (A) Primary spermatocytes present in three day old testis. (B) Round spermatids
(outlined with white box) observed in three day old testis. (C) Elongated spermatids seen in three
day old testis. (D-F) Spermatogenesis stages of tj-Gal4>Nintra. (D) Primary spermatocytes present
in three day old testis. (E) Round spermatids (outlined with white box) observed in three day old
testis. (F) Elongated spermatids seen in two day old testis – however, fewer spermatids visible in
tj-Gal4>Nintra testes in comparison to w1118;tj-Gal4 testis. Elongated spermatids also appear to
have an abnormal morphology.

31

Figure 10: Phalloidin staining indicates defects in sperm individualization in testes expressing
activated Notch signaling. Immunofluorescence staining of adult testes. (A-B) F-actin in
investment cones labeled with Phalloidin (red). Nuclei labeled with DAPI (green). (A,A’)
Control w1118;tj-Gal4 testis shows comet-like Phalloidin labeling of the investment cones (outline
with white box) at the basal end. Inset shows a 40X magnification image of the cones. n=40.
(B,B’) tj-Gal4>Nintra testis shows no Phalloidin label in any region of the testis, indicating that
there was no formation of investment cones. n=35.
Overexpression of an activated Notch receptor results in the presence of two or more ectopic
hub-like structures
All the defects described above indicate that proper Notch signaling is necessary in the
adult testes and also raise the possibility that Notch plays a role in spermatogenesis. In order to
further characterize adult males testes phenotypes arising from the overexpression of Notch
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signaling, immunostaining experiments were performed to more closely examine the different
cell types comprising the testis. Control testes display normal expression of biomarkers for hub
cells, germ cells, and somatic gonadal cells (Figure 11A). Surprisingly, testes with activated
Notch signaling presented with two or more hub-like structures in 57% of testes, when using the
hub marker N-cadherin (Figure 11B). This adhesion protein is found in the hub cells of the testes
at the apical end of the testes (Anllo et al. 2019). The labeled ectopic hub cells were often found
further down the testes, not adhered to the apical tip as normally observed. Although 57% of
testes displaying this ectopic hub-like phenotype is a significant amount, it was necessary to
confirm that the antibody was actually labeling hub cells, and therefore a different marker for
hub cells was used. Armadillo (Arm) is the Drosophila homolog of the protein Beta-catenin and
is another adhesion-related molecule found in the hub cells (Siddall and Hime 2017). A total of
42.3% of testes with activated Notch signaling showed the presence of two or more hub-like
structures (Figure 11D), when using this biomarker. None of the control testes demonstrated this
phenotype (Figure 11C). The Arm-labeled ectopic hub cells were found further down the testes
as well, thus confirming the findings of the previous experiments. Hub cells are responsible for
maintaining both the germline stem cells and somatic stem cells of the testis (Persico, Callaini,
and Riparbelli 2019), and thus ectopic presence of hub cells in testes overexpressing Notch
signaling is an interesting finding. It implies that phenotypes associated with disrupting Notch
signaling throughout development persist in adulthood and could additionally provide an
explanation for some of the spermatogenesis defects observed in this work.
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Figure 11: Testes expressing activated Notch signaling present with ectopic hub-like structures.
Immunofluorescence staining of adult testes. (A-D) Germ cells stained with anti-Vasa (red).
Somatic cyst cells stained with anti-Tj (green). (A-B) Hub cells stained with anti-N-cadherin
(white). (A) Control w1118; tj-Gal4 testis has hub cells (arrow) labeled at the apical end. (B) tjGal4>Nintra testis shows the presence of three regions of hub cells (arrows). True hub cells are at
the apical end, whereas ectopic hub-like cells are found further down testis. (C-D) Hub cells are
stained with anti-Armadillo (white). (C) w1118; tj-Gal4 testis has one region of hub cells (arrow)
at the apical end. (D) tj-Gal4>Nintra testis presents with two hub-like structures (arrows). True
hub cells are at the apical end, whereas ectopic hub-like cells are found further down the testis.
(E) Percentage of tj-Gal4>Nintra testes exhibiting ectopic hub-like structures when labeled with
anti-N-cadherin is 57%. (F) Percentage of tj-Gal4>Nintra testes with two or more ectopic hub-like
structures when labeled with anti-Armadillo is 42.3%.
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Functional hub cells secrete signals to the surrounding stem cells to activate signaling
pathways important for stem cell maintenance (Wingert and DiNardo 2015). One of the ligands
that activates one of these pathways in both GSCs and CySCs is Unpaired (Upd), which is the
cytokine responsible for activation of the JAK-STAT pathway (Herrera and Bach 2019). To
determine the functionality of the ectopic hub-like structures observed when there is too much
Notch signaling, fluorescent in situ hybridization experiments were performed. Both control
testes and Notch testes showed the clear localization of upd in the hub cells adhered to the apical
tip of the testes (Figure 12A-B). There were six instances where ectopic hub-like structures were
observed in testes expressing activated Notch signaling (out of 22 samples), and in none of those
instances did we observe Unpaired localization in those cells (Figure 12B”). Therefore, we
conclude that although these hub-like structures express typical adhesion proteins found in true
hub cells, they are incapable of producing one of the necessary signals to promote stem cell
maintenance in surrounding cells. Even though the presence of these hub-like structures did not
provide a clear explanation of the mechanism Notch signaling employs to regulate
spermatogenesis at earlier stages, we did learn that proper Notch signaling is still required for
normal hub formation.
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Figure 12: Ectopic hub-like structures in testes expressing activated Notch signaling are not true
functional hub cells. Fluorescent in situ hybridization using an unpaired (upd) fluorescent probe
(green). Hub cells are labeled with anti-N-cadherin (red). (A) Hub cells in w1118; tj-Gal4 testes
express upd. (A’) There is only one region of hub cells at the apical tip labeled in all control
testes. (A”) There is only one region in the testes where upd expression is observed. n=40. (B) tjGal4>Nintra testis has two hub-like structures, with only one group of hub cells expressing upd.
(B’) tj-Gal4>Nintra testes shows the presence of ectopic hub-like structures (in 7 out of 22 testes).
(B”) Only the true hub cells express upd, while ectopic hub like structures do not, in all
instances. n=22.
Overexpression of an activated Notch receptor results in the continued expression of the
transcription factor Traffic jam (Tj)
The transcription factor Traffic jam (Tj) is expressed in the early somatic cyst cells of the
testis. As spermatogenesis proceeds and spermatogonia begin to differentiate into spermatocytes,
the surrounding cyst cells that encapsulate the germ cells will express Tj at lower levels and
begin to express the transcription factor Eyes absent (Eya) instead, in an area referred to as the
transition zone (Ng, Qian, and Schulz, 2019). Late cyst cells cease to express Tj completely and
will only express Eya, thus, these two proteins are markers of different cyst cell stages.
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Immunostaining shows that all samples of testes expressing activated Notch (n=34) continue to
express Tj at stages where they should have ceased to express this factor (Figure 13A), when
compared to control testes (Figure 13B; n=52). This suggests that somatic cyst cells in testes with
activated Notch maintain an early cell identity. Due to the mis-expression of Tj, it is possible that
Eya expression is also affected. Immunostaining shows that once Eya expression turns on, it
persists throughout the entire body of testes expressing activated Notch, (Figure 14A), compared
to controls (Figure 14B). We observed prolonged co-expression of Tj and Eya in the somatic
cells further down the testes, even in the late-stage cells that should have ceased to express Tj.
This observed co-expression pattern resembles that of cyst cells that surround spermatogonia,
prior to their differentiation into spermatocytes. These abnormal expression patterns could
indicate that having too much Notch signaling could prevent earlier cyst cells from maturing into
late cyst cells. If the somatic cells are not maturing properly, they may not be producing and
sending the necessary signals that will allow germ cells to proceed through spermatogenesis
normally, providing an explanation of how Notch signaling may regulate spermatogenesis.
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Figure 13: Testes expressing activated Notch receptor have prolonged expression of the
transcription factor traffic jam. Immunofluorescence staining of adult testes. Germ cells are
labeled with anti-Vasa (red). Somatic cyst cells are labeled with anti-Traffic jam (Tj) (green).
Hub cells are labeled with anti-N-cadherin (white). (A-A”) Control w1118; tj-Gal4 testis shows tj
expression at the anterior end of the testis only. n=52. (B-B”) tj expression in tj-Gal4>Nintra testis
is observed further down the testis, in comparison to control. n=34
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Figure 14: Testes expressing activated Notch receptor shows prolonged co-localization of traffic
jam and eyes absent. Immunofluorescence staining of adult testes. Germ cells are labeled with
anti-Vasa (purple). Early somatic cyst cells are labeled with anti-Traffic jam (Tj; red). Late
somatic cyst cells are labeled with anti-Eyes absent (Eya; green). (A-A”) Control w1118;tj-Gal4
testes express Tj and Eya normally. There is some co-labeling of Tj and Eya (yellow, white
arrow) in more mature cyst cells. Co-labeling ceases in late somatic cyst cells. n=47. (B-B”) tjGal4>Nintra testis has a longer co-localization labeling (yellow) of Tj and Eya compared to the
control. n=34. (B’) tj-Gal4>Nintra shows continued Tj expression. Tj labeling is reduced in cyst
cells further down the testis which, in combination with Eya co-localization (white arrow), is
indicative of cyst cells arresting at a timepoint when cyst cells surround spermatogonial cells.
Aim 2: Characterization of the Relationship between Notch signaling and Ribbon
Increasing Notch signaling levels results in increased rib expression suggesting cooperation
While characterizing a role for Notch signaling in spermatogenesis is a critical first step,
work must also be done to explore the targets of Notch in this process, as well as its cooperation
with other cofactors. The ribbon (rib) gene encodes a BTB protein that has been shown to have a
significant role in Drosophila spermatogenesis, with similar phenotypes of rib overexpression to
those observed when the Notch pathway is mis-regulated (Mierisch Lab, unpublished data),. To
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investigate a potential relationship between Notch and Rib, we looked to see if Rib levels were
altered in testes expressing an activated Notch receptor. Rib was localized in the germ cells and
somatic cells of the testes (Figure 15A and 15B), however in testes overexpressing activated
Notch signaling, Rib appeared to be expressed at higher levels compared to the control (Figure
15B). Rib immunostaining intensity appeared to be higher overall in the Notch overexpressing
testes, therefore leading us to quantitate the levels for comparison. Rib intensity was normalized
to DAPI levels in the germ cells and Rib levels were found to be significantly increased upon
activated Notch signaling in the testes (Figure 15C). Rib levels also appeared to be higher in the
somatic cells in these testes, so Rib intensity in the somatic cells was normalized to DAPI levels
in the somatic cells. Rib levels were found to be significantly higher in the somatic cells of the
testes expressing activated Notch signaling, compared to the control (Figure 15D). Given that
having too much Notch signaling affects the levels of Rib observed, this suggests a potential
cooperative mechanism between the two molecules. We next wondered if overexpression of Rib
altered Notch signaling, so we used a Notch GFP reporter to visualize signaling pattern changes.
Although rib overexpression results in severe phenotypic defects, including germ cell cluster loss
(Figure 16B), Notch signaling pattern remains similar to the control (Figure 16A’ and 16B’).
Notch signaling appears to turn on at the transition zone, in the somatic cells surrounding
spermatogonia, in both control and experimental testes, a pattern consistent with the findings of
others (Ng, Qian, and Schulz 2019). Notch reporter levels were normalized to DAPI levels, and
the Notch levels were not significantly different in rib overexpressing testes and control testes
(Figure 16C), supporting our observations. Therefore we can conclude that it is likely that rib
does not function upstream of Notch signaling, but Notch signaling could potentially regulate rib
expression.
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Figure 15: Testes overexpressing activating Notch signaling have increased Ribbon expression in
both germ cells and somatic cells. Immunofluorescence staining of adult testes. Germ cells are
labeled with anti-Vasa (purple). Somatic cyst cells are labeled with anti-Eyes absent (Eya; red).
The transcription factor Ribbon (Rib) is labeled with anti-Rib (green). (A) Control w1118; tj-Gal4
testes show Rib localization in the germ cells. Rib expression is not observed at the tip of the
testis and appears to come on in spermatogonia. n=38 (B) Rib appears to come on in
spermatogonia in the tj-Gal4>Nintra testis, similar to the control, however these testes have higher
expression of Rib levels. There is also a greater localization of Rib in the somatic cells. n=42 (C)
Quantitation of average normalized Rib intensity in germ cells relative to DAPI levels in germ
cells. * p = .0289 based on Mann–Whitney test. (D) Quantitation of average normalized Rib
intensity in somatic cells relative to DAPI levels in somatic cells. **** p < .0001 based on
Mann–Whitney test.
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Figure 16: Notch signaling is unaffected in testes overexpressing Ribbon. Immunofluorescence
staining of adult testes. Germ cells are labeled with anti-Vasa (purple). Somatic cyst cells are
labeled with anti-TJ (red). NRE-GFP reporter for Notch activation is labeled with anti-GFP
(green). (A) Control w1118; tj-Gal4 testes show Notch activity (white arrow) turns on in the
somatic cells surrounding the spermatogonia. (B) The tj-Gal4>Nintra testis has severe defects,
include loss of germline clusters and somatic cells. (B”) Despite severe cell loss, Notch activity
(white arrow) appears unaffected – signaling comes on in the somatic cells that surround the
spermatogonia and follows expression pattern similar to the control. (C) Quantitation of average
normalized GFP intensity relative to DAPI levels in somatic cells. Not significant: p>0.9999
based on Mann–Whitney test.
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Reducing function of Rib and Notch results in spermatogenic defects
To establish a cooperative role between Notch and Rib in spermatogenesis, we decided to
reduce the function of both molecules at adulthood and characterize those phenotypes. Flies that
were heterozygous for rib (rib1) and hemizygous for Notch (Nts1) were used to reduce the
function of Rib and Notch signaling. These flies were raised at the permissive temperature and
then shifted to the restrictive temperature after eclosion for 5-7 days. We compared the testis
phenotypes of these flies to those that only had reduced Notch function (Nts1) to determine if they
had more severe phenotypes. Reduction of Notch signaling alone resulted in no significant
spermatogenic defects (Figure 17A and 17C) but reducing function of both Rib and Notch
showed more severe phenotypes. We observed 13 testes out of 35 with abnormal Tj localization
(Figure 17B-B’), that seemed to suggest that rib expression must be properly regulated for
normal Tj expression. 5 out of those 13 testes also presented with abnormal hub cell localization.
In addition, visualization of the sperm bundles using DIC microscopy showed defects in sperm
bundle formation in these testes. While Nts1 testes had normal sperm bundle formation (Figure
17C), we observed a reduced amount of sperm bundles being formed when both Notch and Rib
function were altered (Figure 17D). Interestingly, this was a similar observation that we
encountered in testes overexpressing activated Notch signaling (Figure 8C-8D), suggesting that
both molecules must be properly regulated for normal sperm bundle production.
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Figure 17: Reducing function of both Notch and Rib results in spermatogenic defects.
Immunofluorescence staining of adult testes. Germ cells are labeled with anti-Vasa (red).
Somatic cyst cells are labeled with anti-TJ (green). (A) Control Nts1 testes appears to have normal
cell morphology with no obvious defects. (B) rib1; Nts1 testes shows abnormal tj localization,
which is centered around hub cells that are not adhered to the apical tip of the testis. (C-D)
Testes were imaged using differential interference microscopy at a 10X magnification. (C)
Control Nts1 testes has normal sperm bundle formation. (D) rib1; Nts1 testes shows significantly
less sperm bundles being produced. The bundles (white arrow) are also located further distally in
the testes, compared to the control Nts1 testes.
DISCUSSION
Activated Notch signaling in the somatic cells of the testes throughout development
results in abnormal morphology and fertility defects (Figure 8; Table 2). Infertility in the male
flies indicates that the proper levels of Notch signaling pathway are critical for spermatogenesis.
Most of the previous work looking at how Notch signaling functions in the male gonad focuses
on the embryonic stage, due to a lack of adult testis phenotype when using known available lossof-function alleles for Notch (Ng, Qian, and Schulz, 2019). To our knowledge, the work done by
the Schulz group was the first to explore a role for Notch signaling in Drosophila adult
spermatogenesis. Our work expands on these recent findings to look at the function of Notch
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signaling in this process by genetically manipulating testes to have constitutively active Notch
signaling. An interesting phenotype we observed when Notch signaling was extended was the
presence of two or more hub-like structures in the adult testis (Figure 11). Hub cells make up the
testis stem cell niche, which functions in sending out molecular signals important for stem cell
maintenance (Persico, Callaini, and Riparbelli, 2019). In instances where two or more groups of
hub cells were observed, there was one group of hub cells located at the apical end of the testis,
which we believe to be the true stem cell niche, along with another group of hub cells located
basally down the testis. The presence of an additional group of hub cells further down the testis
was a promising observation to us. We wondered if it could be the mechanism by which
extended Notch signaling disrupts spermatogenesis and could help us better understand the
fertility defects we were observing. First, to confirm that were labeling true hub cells, we used
two different markers: anti-N-cadherin and anti-Armadillo antibodies. The use of two different
hub cell markers confirmed that we were indeed visualizing cells with hub-like characteristics.
Though the data is not included in this work, we also used anti-FasIII to label these hub cells,
and extra hub-like structures were observed when we used this cellular marker (data not shown).
The consistency of this ectopic hub-like phenotype made us curious to know whether these hublike cells were functional. Hub cells are known to secrete ligands for the activation of the JAKSTAT pathway, the BMP pathway and the Hedgehog pathway (de Cuevas and Matunis, 2011;
Zhang, Pan, and Zhao, 2013) in the stem cells surrounding them. To assess whether the ectopic
hub-like structures were functional, we looked for expression of upd in those cells. Unpaired is
the cytokine that activates the JAK-STAT pathway in both germline stem cells and somatic cyst
stem cells, making is a good candidate to assess functionality of the hub cells. We did not
observe unpaired expression in ectopic hub-like structures (Figure 12), suggesting that these
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ectopic hub cells are not fully functional. This observation was not completely surprising, as
other signaling pathways and molecules (Dinardo et al. 2011; Kitadate and Kobayashi, 2010) are
important in establishing hub cell identity, and we did not observe a rosette of germline cells
around the hub-like cells. It appears that while having overly active Notch signaling at the adult
stage can result in the presence of cells with hub-like characteristics, such as the expression of
adhesion molecules found in hub cells, Notch signaling alone is not sufficient to make them true
hub cells. It does suggest, nonetheless, that Notch signaling must be properly regulated at the
adult stage for normal cellular composition of the testis. We also cannot rule out the fact that the
hub cells may be functioning through other known signaling pathways involved in stem cell
maintenance (Amoyel et al., 2013).
A closer examination of the effects of extended Notch signaling at different stages of
spermatogenesis reveals a possible role for Notch signaling in spermatogenesis (Figure 9). It
appears that germ cells in the testes overexpressing Notch signaling divide properly to form 16cell interconnected spermatogonia that successfully differentiate into spermatocytes. We also
observed that these spermatocytes can undergo morphological changes that allow for sperm to
begin elongation within a syncytium. However, there were defects in sperm morphology past the
elongation stage, in testes expressing activated Notch signaling (Figure 9F). Sperm
individualization is one of the final stages of spermatogenesis (Fabian and Brill, 2012), which
begins with the formation of 64 F-actin enriched investment cones around each individual sperm
nuclei. These investment cones work alongside other motor proteins to form an individualization
complex (Augière et al. 2019; Rogat and Miller, 2002) that will move down the germline
syncytium to remove unnecessary organelles and cytoplasm. Individual sperm will become
embedded with their own plasma membrane, and become coiled, prior to its transportation to the
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seminal vesicle (Demarco et al. 2014). Though we understand certain aspects of sperm
individualization, the molecular signals that initiate this process remain unknown (Steinhauer,
2015). It is important that we explore the role of molecules involved in individualization, as
some suggest that this stage can serve as a checkpoint for identifying spermatids that are
improperly differentiated and removing these structures (Steinhauer 2015; McKee et al. 1998).
Our work shows an absence of F-actin investment cones (Figure 10) when there is too much
Notch signaling in the adult testis. As these investment cones are required for the process of
individualization, it is likely that proper Notch signaling is important for this stage. This
observation, in combination with our fertility cross data (Table 2), suggest that Notch signaling is
involved in spermatogenesis.
Proper germline-soma communication is essential for germline stem cells to successfully
differentiate into mature sperm (Smendziuk et al. 2015; Kitadate et al. 2007; Fairchild,
Smendziuk, and Tanentzapf 2015; Murray, Yang, and Van Doren 2010). Somatic gonadal cells
provide signals that allow spermatogonia to transition properly into spermatocytes (Jemc, 2011).
This is an important process that must be carefully regulated as the genome of sperm cells is
irreversibly changed to allow for successful reproduction (Hennig, 1996). We understand that
somatic cyst cells must differentiate in a coordinated way that allows them to deliver stagespecific signals to differentiating germ cells (Fabrizio, Boyle, and DiNardo 2003; Matunis et al.
1997). Therefore, our finding that expression of activated Notch signaling results in prolonged
expression of traffic jam in somatic cells is surprising (Figure 13). Under normal conditions,
early cyst cells that surround gonialblasts and 2- to 8-cell spermatogonial cysts express the
transcription factor tj. As these cells divide to form 16-cell interconnected spermatogonia, the
cyst cells that encompass these cells start expressing tj at a lower levels and begin to express eyes
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absent (eya). By the time the spermatogonia differentiate into spermatocytes, the cyst cells will
cease expressing tj altogether and will only express eya. We continue to see the expression of tj
in the testes with activated Notch signaling, suggestive that these cyst cells are retaining an early
identity. More specifically, we suspect that they are arresting at the stage where they surround
spermatogonia, as we observe prolonged co-expression with eya (Figure 14). We observe that
spermatocytes maintain the ability to change from their spherical cell shape into elongated
spermatids (Figure 9) but are unable to proceed through their maturation. It is possible that the
arrest of cyst cells at an earlier stage prevents them from sending the appropriate signals that
allow for sperm individualization. Under normal conditions, as sperm become elongated, the two
cyst cells that surround the syncytium undergo morphological changes that allow them to
encapsulate the spermatid bundles (Desai, Shirolikar, and Ray, 2009). The head cyst cell will
surround the rostral ends of the spermatids, and the tail cyst cell will increase in size and
encapsulate the caudal end of the spermatids. The head cyst cell has recently been reported to
grow F-actin based membranous projections that extend into the spermatid heads as
individualization begins (Desai, Shirolikar, and Ray, 2009) demonstrating an important function
for cyst cells at this stage. These projections, referred to as actin caps, are important for keeping
the spermatid heads together as other parts of the spermatids undergo morphological changes,
and are suggested to prevent premature sperm release from the bundle (Desai, Shirolikar, and
Ray, 2009). If active Notch signaling arrests somatic cyst cells at an earlier stage, it is possible
that they do not mature properly into head cyst cells and tail cyst cells, and therefore do not
function in a coordinated manner with the germline. Therefore, this can provide an explanation
for the spermiogenesis defects and sterility associated with extended Notch signaling in the adult.
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Similar defects have been observed in PFTAIRE-interacting factor 1A (Pif1A) mutant
testes (Yuan et al. 2019). Loss of Pif1A was not observed to have an effect in either germ cell
division or spermatid elongation, however, a role in sperm maturation was found for this protein.
Pif1A-mutant testes maintained the ability to form individualization complexes (IC), however IC
progression was significantly reduced (Yuan et al. 2019). This protein was also found to work
alongside lipid metabolism genes to regulate individualization. Due to the resemblance in defects
observed in their work and ours, along with the complexity of the Notch signaling pathway, we
cannot rule out the idea that Notch can cooperate with this factor in regulating sperm
individualization. We also must consider the possibility that Notch interacts with other molecules
in addition to Pif1A, to regulate sperm individualization. Notch signaling has been shown to
function with multiple co-factors in Drosophila development (Ren et al. 2018; de Celis Ibeas and
Bray 2003; Jia et al. 2015), and we will continue to characterize more molecules as we explore
Notch in the adult testis.
Recently, Notch has been found to function with members of the highly conserved BTB
protein family in Drosophila, in the context of multiple organs including the gonad. An
antagonistic relationship has been found between the BTB protein Lola and Notch signaling in
the developing eye (Zheng and Carthew, 2008). Lola was shown to function as a transcriptional
repressor downstream of the Notch signaling pathway to regulate binary cell fate decisions in the
eye (Zheng and Carthew, 2008). In the female gonad, Notch has been found to work
antagonistically with the transcription factor, Tramtrak, in the regulation of the switch from
endocycle to gene amplification in germ cells and follicle cells (Jordan et al. 2006). Notch
signaling has also been found to interact with BTB proteins in systems outside of Drosophila. In
humans, the BTB protein, lymphoma/leukemia-related factor (LRF), is important for regulating
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B versus T lymphocyte fate, has been found to exert its function by regulating the Notch
signaling pathway. Through suppression of Notch signals, LRF is able to promote B cell
differentiation (Constantinou et al. 2019). Due to the redundancy of an interaction between
Notch and members of the BTB family, future studies exploring a potential relationship in the
adult testis are necessary.
Recent work from our lab has focused on the role of BTB proteins in the gonad, and as
we begin to explore molecular mechanisms that regulate gametogenesis, we are curious to know
how they interact with Notch signaling, a key player in this process. Ribbon (Rib) is a protein
implicated to be important for proper gonad morphogenesis (Weyers et al. 2011), and we have
recently uncovered a role for Rib in the adult testis. Overexpression of rib in adult testis results
in overall abnormal morphology and in significant germline reduction (unpublished data),
suggesting a role for Rib in spermatogenesis. Interestingly, Notch signaling was also found to be
important for germline survival in the adult testis by others (Ng, Qian, and Schulz, 2019). This
similarity in phenotypes, and previous work demonstrating a relationship between Notch and
BTB proteins, made us wonder whether Notch and Rib cooperate to regulate gametogenesis.
Work in mammalian systems has begun to uncover a role for both Notch signaling (Murta et al.
2013; Tang et al. 2008; Vanorny and Mayo 2017) and the likely mammalian homolog for Rib,
BTBD18 (Zhou et al. 2017) in spermatogenesis, suggesting that possible findings could be
applicable in mammals. It is also critical that we understand how Notch and BTB proteins
function together, as both molecules are known to contribute to disease and cancer (Aster, Pear,
and Blacklow 2017; Li et al. 2017; Doggett et al. 2015; He et al. 2020). Teasing apart the
mechanisms by which these molecules cooperate can help us understand how they regulate
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development. Therefore, future work in our lab aims to continue to characterize a potential
relationship between Notch and Rib in the Drosophila testis.
Notch signaling has been established to be activated in the adult testis in the somatic cells
surrounding spermatogonia (Schulz 2019; Figure 16A). Interestingly, we observed rib expression
to come on in the germ cells in early spermatogonia (Figure 15A) in adults. The appearance of
Rib expression and the activation of Notch signaling at similar timepoints were suggestive to us
of potential relationship between the two molecules. There are multiple mechanisms by which
Notch and Rib may function together and these models have been proposed in Figure 6. This
early work aims to begin exploring the stepwise relationship between Notch and Rib. Rib is a
transcriptional regulator so we looked at the possibility of Rib directly targeting Notch to
regulate spermatogenesis. We analyzed Notch signaling activity using a GFP reporter in testes
overexpressing rib. Although there were severe defects found when rib was overexpressed
(Figure 16B), Notch activity did not appear to be altered when compared to control testes (Figure
16C). Therefore, we can predict that Rib does not directly target Notch, nor does it function
upstream of the pathway. However, there are many known targets of Notch signaling (Nagel,
Wech, and Preiss 2001; Monastirioti et al. 2010; de Celis Ibeas and Bray 2003; Djiane et al.
2014), so we were curious to see if Rib could be included among these. To explore this
possibility, we analyzed Rib levels in testes overexpressing activated Notch signaling (Fig 15B).
We found that Rib protein levels were increased in both the germ cells and the somatic cells
(Figure 16C and 16D) in these testes, compared to the control. This was an interesting finding, as
it suggests that Notch signaling acts upstream of Rib and could be regulating Rib levels, however
more work needs to be done to investigate if they indeed function in a stepwise manner.
Chromatin immunoprecipitation (ChIP) experiments could be conducted in order to analyze
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whether Notch physically interacts with the rib promoter. Establishing that would allow us to
conclude that Notch directly targets rib, as the immunostaining experiments suggest.
Additionally, we also conducted a genetic experiment in which both Notch and Rib
function were reduced, to investigate if a combined complete loss of both proteins resulted in a
more severe phenotype. Reducing Notch function alone resulted in no significant defects (Figure
17A), which was not all that surprising as others have observed a lack of testis phenotype when
using this particular allele (Schulz 2019). However, a combination of Notch and Rib loss resulted
in more notable defects (Figure 17B and 17D). Among these included a loss in sperm bundle
formation and abnormal Tj localization. Interestingly, these are some phenotypes we observed
when Notch signaling was upregulated (Figure 8C-D, and 13B). In addition, we also observed
that in some of the testes that were hemizygous for Notch and heterozygous for rib, the hub cells
were abnormally located in the center of the testis. This observation hints that Rib levels must be
properly regulated to have normal hub formation, suggesting a role for Rib in this. As Notch
signaling has been established to be important for hub formation (Kitadate and Kobayashi 2010;
Okegbe and DiNardo 2011), a function for Rib in this process could support the idea that these
two molecules work together to regulate hub cell specification. More work needs to be done to
establish Rib as a key player for hub formation. Looking at hub assembly defects in rib mutant
embryos could be the start to exploring this potential role. A defect we observed when analyzing
rib overexpression was severe germ cell cluster loss in several testes (Figure 16B). Interestingly,
Notch signaling was recently shown to be important for germline survival (Schulz, 2019).
Identification of several similar phenotypes that resulted when we manipulated expression of
Notch and Rib suggests that there is some cooperation between the two in Drosophila
spermatogenesis. In addition to that, it is striking that Notch activity and Rib expression appear
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at the same time point. More genetic interaction experiments are necessary to establish this
relationship. Characterization of the targets that interact with Notch signaling is critical for
understanding how Notch regulates spermatogenesis. It is also important to identify
transcriptional targets of both genes in order to fully comprehend how they function. Our early
work suggests that Notch could regulate Rib and that these genes may cooperate in parallel to
promote proper spermatogenesis. Characterizing Notch and Rib target genes will allow us to
better tease apart the cooperative role of these molecules in spermatogenesis. Furthermore, as
both Notch and BTB proteins have been established to function in cancer, understanding how
they interact with one another is essential for discerning how these molecules contribute to
disease.
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